A search for Supernova Relic Neutrinosν e 's is first conducted via inverse-betadecay by tagging neutron capture on hydrogen at Super-Kamiokande-IV. The neutron tagging efficiency is determined to be (17.74 ± 0.04 stat. ± 1.05 sys. )%, while the corresponding accidental background probability is (1.06 ± 0.01 stat. ± 2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 0.18 sys. )%. Using 960 days of data, we obtain 13 inverse-beta-decay candidates in the range of Eν e between 13.3 MeV and 31.3 MeV. All of the observed candidates are attributed to background. Upper limits at 90% C.L. are calculated in the absence of a signal.
Introduction
Neutrinos emitted from all past core-collapse supernovae should form an isotropic flux. Sometimes called the Diffuse Supernova Neutrino Background (DSNB), these neutrinos will be referred to as Supernova Relic Neutrinos (SRN)
herein. Many models have been constructed to predict the SRN flux and spec-5 trum [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . Although all six types of neutrinos are emitted from a core-collapse supernova, SRN's are most likely detected via the inverse beta decay (IBD) reactionν e p → e + n in existing detectors. In addition, this study can be treated as an after-the-fact approach in parallel
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to the ongoing R&D initiative aimed at detecting IBDs in water with enhanced neutron captures on dissolved gadolinium.
Experimental approaches to detect the neutron
To detect the neutron signal, two independent approaches have been proposed to implement this capability in the SK experiment, a large underground These relatively high energy γ-rays should be readily seen by SK. The second approach is to detect the single 2.2 MeV γ released from neutron capture on hydrogen [18] . This approach requires a 500-µs forced trigger scheme following 45 a normal trigger, in order to identify the 2.2 MeV γ offline.
The detection of delayed-coincidence 2.2 MeV γ's was first successfully demonstrated in SK using forced triggers [19] . In the summer of 2008, SK's front-end electronics were upgraded, after which began the data-taking period known as PMT hits from 5 µs before the SHE trigger time to 35 µs afterwards. The 5 µs of data prior the SHE trigger time provides a chance to catch pre-activity events, e.g. a prompt γ-ray in a sub-Cherenkov muon background event produced by an atmospheric ν µ interaction with oxygen. SHE events without coincident outer 60 detector activity are always followed by an after trigger (AFT) which contains all PMT hits of the subsequent 500 µs. The SK-IV data set used in this analysis was taken from November 22, 2008 , to December 27, 2011, with a total livetime of 960 days.
The IBD event selection
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The IBD candidate search can be divided into two steps: one to find the prompt signal with an energy ranging from 12 to 30 MeV in the SHE trigger data; the other to tag the IBD signal through the detection of a delayed event shortly after a prompt event is found. The timing window for the delayed event ranges from 2 to 535 µs following the prompt event. To avoid PMT 70 signal reflection at the SK front-end electronics after an event, the delayed event search starts two µs after the prompt event time (defined by a GPSsynchronized clock). The prompt events are selected by applying a number of cuts to suppress muon-induced spallation background, atmospheric neutrinos, solar neutrinos, and low energy radioactivities. Details of the selection criteria 75 for the prompt events, such as the spallation cut, pre/post activity cut etc, can be found in [15] . Unlike the analysis in [15] , the reconstructed Cherenkov angle is required to be greater than 38 and less than 50 degrees. Also, the solar cosine angle cut of [15] is loosened to 0.9 for energies below 16 MeV because of neutron tagging. The number of remaining solar neutrino events in the sample 80 is estimated to be about two events. Table 1 gives a summary of the event 5 Table 1 : Summary of the selection criteria for the prompt events (N e + ) with energy E e + ranging from 12 to 30 MeV, the number of events surviving each cut and the evaluated efficiency (ϵe) from the large mixing angle model [7] . Errors are statistical only. quadrature.
Cuts
An average 2.2 MeV γ event in SK produces about seven recorded PMT hits, all of which share a common orientation in both time and space, but most of the hits have various arrival times due to the different travel distances. The flat timing distribution for these signal hits can be sharpened to form a timing peak 3 ns, the hits of real signal events cluster within a 10 ns window, while hits due to PMT dark noise, radioactivity in the surrounding rock, radon contamination events in water, and so on are typically more spread out since the light does not originate from the primary event vertex. A 10 ns sliding window is then applied to search for every timing peak and to give the number of PMT hits (N 10 ). To remove background PMT hits the following selection criteria are applied:
The number of PMT hits in N 10 is required to be greater than 7. It is noted that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Likelihood ratio > 0.35 1.06±0.01 17.74±0.04 Table 2 gives a summary for the selection criteria, the background probability, and the efficiency of the delayed events for each cut. The efficiency of the delayed event is corrected with a factor of ∼92% due to the 533 µs time 140 window. It is observed that most delayed events cannot fire sufficient PMTs to meet the minimum requirement on N 10 . Basing the TOF correction on the SRN candidate vertex (rather than the true vertex of the delayed event) changes the efficiency of finding delayed events by at most 2.5% relatively. Uniformity of both the MC signal efficiency and the background probability were studied 145 using 110 positions within the detector. These spatial variations of MC signal efficiency and background probability were found to be 5.9% and 16.8%, respectively. These variations were then assigned to the systematic uncertainties.
Therefore, the efficiency and the background probability for the delayed events are (17.74 ± 0.04 stat. ± 1.05 sys. )% and (1.06 ± 0.01 stat. ± 0.18 sys. )%, respectively.
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Combining the primary event efficiency and delayed event efficiency, the IBD detection efficiency (ϵ) is obtained to be (13.0 ± 0.8)%.
Test with Am/Be source data
To verify the detection efficiency for the 2.2 MeV γ's given in Table 2 , a test was carried out using an Am/Be source embedded in a bismuth germanate The average efficiency of (19.0 ± 0.2)% in this enlarged 800 µs window is in good agreement with the value of (19.2 ± 0.1)% estimated from MC simulation.
Analysis and Results
Returning to the low energy SRN search using 960 live days of SK-IV data, water. This is achieved by changing the cut on the Cherenkov angle θ C of the primary event, in which an electron/positron is defined with 38
The µ ± and π ± events are defined with θ C < 38
• , while the NC events are defined with θ C > 50
• . There are 144 primary µ ± and π ± candidate events with 22 delayed candidates and 489 NC candidate events with 47 delayed candidates. taking into into account the IBD detection efficiency ϵ. Table 3 lists the expected number of SRN events in 22.5 kton·year for different models. The upper limit on the SRN flux F 90 can be derived from N ′ 90 using the following simple relation:
where
is the total flux for a certain model and N P is the predicted annual event rate in the energy range which can be found in Table 3 . This 
where N 90 is the upper limit at 90% C.L. in each energy bin, T is livetime in The previous SK search for SRN IBD positrons in [15] placed an integral 90% C.L. limit on the SRN flux above 17.3 MeV neutrino energy of 2.9 cm
(LMA model [7] ). In that search, SRN signal and atmospheric neutrino backgrounds were fitted to the energy spectra of the data for three different samples 12 sensitive.
Since this study covers the high end of the solar neutrino spectrum, a solar 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 This limit is 20 times more stringent than the previous SK result [22] due to the powerful background reduction provided by neutron tagging. However, note that the limit is an order less stringent than the KamLAND result [13] because of the higher neutrino energy threshold.
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In summary, a search for SRNν e at SK-IV is first conducted via IBDs by tagging neutron capture on hydrogen. The neutron tagging efficiency is determined to be (17.74 ± 0.04 stat. ± 1.05 sys. )%, while the corresponding accidental background probability is (1.06 ± 0.01 stat. ± 0.18 sys. )%. No appreciable IBD signal in the distribution of neutron lifetime is found using 960 days of data. 
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